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(57) ABSTRACT 


The present invention relates to preparation of bioink com- 
posed of cellulose nanofibril hydrogel with native or syn- 
thetic Calcium containing particles. The concentration of the 
calcium containing particles can be between 1% and 40% 
w/v. Such bioink can be 3D Bioprinted with or without 
human or animal cells. Coaxial needle can be used where 
cellulose nanofibril hydrogel filled with Calcium particles 
can be used as shell and another hydrogel based bioink 
mixed with cells can be used as core or opposite. Such 3D 
Bioprinted constructs exhibit high porosity due to shear 
thinning properties of cellulose nanofibrils which provides 
excellent printing fidelity. They also have excellent 
mechanical properties and are easily handled as large con- 
structs for patient-specific bone cavities which need to be 
repaired. The porosity promotes vascularization which is 
crucial for oxygen and nutrient supply. The porosity also 
makes it possible for further recruitment of cells which 
accelerate bone healing process. Calcium containing par- 
ticles can be isolated from autologous bone, allogenic bone 
or xenogeneic bone but can be also isolated from minerals 
or be prepared by synthesis. Preferable Calcium containing 
particles consist of B-tricalctum phosphate which is resorb- 
able or natural bone powder, preferably of human or porcine 
origin. The particles described in the present invention have 
particle size smaller than 400 microns, or more preferably 
smaller than 200 microns, to make it possible to handle in 
printing nozzle without clogging and to obtain a good 
resolution. Cellulose nanofibrils can be produced by bacteria 
orbe isolated from plants. They can be neutral, charged or 
oxidized to be biodegradable. The bioink can be additionally 
supplemented by other biopolymers which provide cross- 
linking. Such biopolymers can be alginates, chitosans, modi- 
fied hyaluronic acid or modified collagen derived biopoly- 
mers. 
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1 
PREPARATION AND APPLICATIONS OF 3D 
BIOPRINTING BIOINKS FOR REPAIR OF 
BONE DEFECTS, BASED ON CELLULOSE 
NANOFIBRILS HYDROGELS WITH 
NATURAL OR SYNTHETIC CALCIUM 
PHOSPHATE PARTICLES 


CROSS-REFERENCE TO RELATED 
APPLICATIONS 


This application is the National Stage entry under 35 
U.S.C. § 371 of International Application Number PCT/ 
EP2017/077669 filed on Oct. 27, 2017, published on May 3, 
2018 under publication number WO 2018/078130 Al, 
which claims the benefit of priority under 35 U.S.C. § 119 
of Swedish patent application number 1651422-6 filed Oct. 
28, 2016 and U.S. Provisional Patent Application Ser. No. 
62/414,193 filed. Oct. 28, 2016. 


BACKGROUND OF THE INVENTION 
Field of the Invention 


The present invention relates to the field of 3D bioprint- 
ing, bioinks for bioprinting, constructs and tissues prepared 
by bioprinting, as well as the medical use of such constructs 
and tissues for treatment in the field of tissue replacement or 
defect. 


Description of Related Art 


There is an unmet medical need for novel procedures for 
repair of larger bone defects. Bone has in contrast to 
cartilage, a very good healing capability but larger defects 
cannot be repaired without transplantation of autologous 
graft or support material. One example can be a reconstruc- 
tion of the mandible due to traffic accidents, or cancer. The 
most common cancer affecting the mandible is squamous 
cell carcinoma. According to Cancer Research UK, in 2012 
61,400 cases of oral cavity cancer were reported in Europe 
[1]. 28,260 cases were reported in 2014 in the United States 
of America [2]. The most common current solution is 
transplantation of fibula graft which entails a number of 
other complications such as problems with covering large 
soft tissue defects. Other solutions can be titanium plates or 
allogenic bone grafts. These solutions also have many 
disadvantages such as titanium plates being exposed through 
the skin. Furthermore, the current solutions are painful for 
the patients and they are also very expensive and time 
consuming for doctors and patients. 

Bone, a structural element of human body, also known as 
hard tissue is composed of inorganic phase, which is 
hydroxyapatite, Collagen I fibrils and proteoglycans. There 
are several cell types which are involved in bone building 
process. The most important are osteoblasts which produce 
Collagen I which is organized into hierarchical structure. 
Other cells such as osteoclasts are involved in bone remod- 
eling process which involves resorption of inorganic phase. 
Inorganic phase often called mineral phase is not directly 
synthesized by cells but crystallized in the microenviron- 
ment created during bone formation process called also 
osteogenesis. When large defects have to be repaired the 
guidance of cells is necessary and this can be provided by 
grafting of bone from another site or placing biomaterial. 
Both biodegradable polymeric materials and inorganic 
materials have been used for many years as synthetic bone 
graft or scaffold materials. 
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Hydroxyapatite has a crystalline structure and exists in 
bone tissue as whiskers. As a crystallite it is very slowly 
solubilized. Tri-calctum phosphate (TCP) is an inorganic 
material which is used for dental and bone repair applica- 
tions. Two forms of TCP are existing; a-TCP and B-TCP. 
a-TCP resorbs faster than B-TCP. TCP exhibits properties 
which make it suitable as dental filler or bone filler since 
material when resorbed provides Calcium and Phosphate 
ions which are necessary for formation of hydroxyapatite 
which is main component of bone. During the resorption 
process the voids are formed which can be replaced by 
growing bone. One of the challenges when using TCP 
inorganic particles is to fuse them into 3D structure or made 
them injectable. Porous calcium phosphate bone material 
converted into self-setting material is for example described 
in U.S. Pat. No. 8,147,860 B2 [3]. The field of that invention 
is bone repair and replacement. There are many commer- 
cially available TCP materials on the market and some of 
them have been processed to be injectable. For in situ 
hardening B-TCP known as Easy-graft® from Sunstar 
Americas Inc is coated with poly(lactic-co-glycolic acid) 
and is used together with BioLinker and it has shown good 
performance for Alveolar Ridge preservation [4]. Process- 
ability of TCP remains however major challenge. 

When large bone cavities have to be replaced by growing 
bone there is a need for many cells to be there and be 
productive. Placing of empty scaffold relies only on migra- 
tion process of stem cells and their differentiation. Many 
scientists have studied use of mesenchymal stem cells 
derived from bone marrow or adipose tissue and their 
differentiation into osteoblasts. Use of TCP materials is very 
attractive in such applications [5]. Scientists have shown 
that the presence of TCP can stimulate differentiation pro- 
cess of stem cells [6]. New technology is necessary to utilize 
TCP together with cells for repair of large bone cavities. 

3D Bioprinting is an emerging technology which has 
found applications in production of almost every industrial 
product. The advantage of 3D printing technology is bottom 
up fabrication process in which layer by layer of material are 
deposited and fused. Any 3D object can be designed or 
scanned and transferred into CAD file which is then con- 
verted to printer driving format such as for example stl file 
and desired 3D object can be built. There are already several 
applications of 3D Printing technology for production of 
patient specific implants. One of the great advantages of 3D 
Printing is the ability to produce a highly porous structure 
which is advantageous when implanted since tissue integra- 
tion and vascularization can take place. TCP materials can 
thus be 3D printed with different binders to make patient 
specific scaffolds which could be ideal for bone healing. For 
large cavities, however there is a need for large amount of 
cells in order to accelerate healing process. 

3D Bioprinting technology is related to 3D printing by 
being an additive manufacturing technology but it has been 
developed to be able to print with cells and thus fabricate 
tissue and organs. 3D Bioprinting has a potential to revo- 
lutionize medicine and health care. In a typical 3D Bioprint- 
ing setting cells can be deposited by one printing head and 
supporting material also called bioink can be dispensed by 
another printing head. There are several functions of bioink; 
to provide support and protection for cells during printing 
process, to provide suitable rheological properties which 
will result in high fidelity of the construct and to provide 
good mechanical properties to the construct. After bioprint- 
ing operation the process of tissue growth is starting. This 
includes cell migration, cell adhesion, cell proliferation, cell 
differentiation and depositing of extracellular matrix by the 
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cells. In all those cell fate processes the bioink which after 
bioprinting become a scaffold plays crucial role. 

Recently researchers found out that it is advantageous to 
mix cells together with bioink to produce cell laden bioink. 
The hydrogels are most suitable for such applications since 
they bind lots of water and thus provide for the cells suitable 
environment. Different polymer forming hydrogels have 
been evaluated as bioinks for 3D Bioprinting process. 
Among these natural polymers such as alginates, hyaluronic 
acid, agarose, chitosan and collagen have been mostly 
studied. The major limitation of all these hydrogels is the 
rheological properties. All polymer solutions are shear thin- 
ning which means that they have lower viscosity at higher 
shear rate. But this is not sufficient to provide very high 
printing fidelity which is defined as thin lines which can stay 
at the same dimension without sagging. 

Cellulose nanofibrils are biosynthesized by most plants as 
structural elements. They have typically 5-20 nm diameter 
and can be micrometers long. During the cell wall assembly 
process they are incorporated into complex structure com- 
posed of other polysaccharides (hemicelluloses) and in the 
case of secondary cell wall also with lignin. Such composite 
structure can be disassembled using chemical processes and 
then cellulose nanofibrils can be isolated using a mechanical 
homogenizer. Such isolated cellulose nanofibrils are very 
hydrophilic and have very high surface area. They form 
hydrogels already at low solid content (2-3% dry matter). 
They are extremely shear thinning but in contrast to typical 
polymer solution they have very high low shear viscosity 
which is ideal property for a bioink. They can be printed 
with extrusion head or inkjet head and exhibit very high 
printing fidelity [7]. Cellulose nanofibrils can also be pro- 
duced by bacteria. After the purification process which 
removes all bacteria and their debris cellulose nanofibrils 
show excellent biocompatibility [8]. Biomaterials based on 
bacterial cellulose nanofibrils have received several FDA 
approvals and can be found today in clinical applications 
such as dura repair membrane. 

3D Bioprinting has great potential for bone repair. A good 
example of promising applications has been recently pub- 
lished [9] [10]. With suitable bioinks, 3D Bioprinting tech- 
nology can soon find applications in clinic to repair large 
bone defects and the present invention may have major 
contribution in translation of 3D Bioprinting technology 
towards bone repair. 


SUMMARY OF THE INVENTION 


The present invention describes preparation of bioinks 
based on cellulose nanofibrils hydrogels with Calcium con- 
taining particles and their use for 3D Bioprinting of implant- 
able devices with or without cells to heal large bone defects. 
Such bioinks can also be used for fabrication of model bone 
tissue. 

These are the steps involved in the preparation of bioink, 
3D Bioprinting and implantation of the construct to heal 
bone defect: 

Calcium containing powder, preferably Tricalctum Phos- 
phate (TCP) and ideally B-TCP, or natural bone powder 
of human or porcine origin, is grinded into particles 
smaller than 400 microns or preferably smaller than 
200 microns. Grinded particles are sterilized by heat or 
electron beam irradiation. Other sources of calcium- 
containing particles, or powder, can be used, such as 
hydroxyapatite. 

Cellulose nanofibril dispersion with dry matter between 
2-3% by weight is sterilized by electron beam and 
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mixed aseptically with crosslinkable biopolymer solu- 
tion. Alginate or tyramine derived hyaluronic acid, 
fibrinogen with thrombin (to form fibrin), gelatin meth- 
acrylate or collagen methacrylate can be used as cross- 
linkable biopolymer. 

Calcium containing powder is mixed with cellulose nano- 
fibril based dispersion and additional biopolymer. The 
ratio between inorganic phase and organic polymer 
phase depends on particle size of grinded mineral 
component. The concentration of the calcium contain- 
ing powder can vary between 1% and 40% (w/v). 

The bone defect is scanned with MRI, CT or optical 
scanner. 

CAD file is prepared based on scan, and prepared taking 
into account the size, place, location, and other relevant 
factors relating to implantation. 

The construct with suitable porosity is 3D Bioprinted 
using Calcium containing nanocellulose fibril bioink 
and CAD file and implanted into the defect. 

The construct can be 3D Bioprinted with cells. 

Mesenchymal stem cells can be isolated from patient’s 
bone marrow or adipose tissue. 

Cells are combined with Calcium particle filled nanocel- 
lulose fibril based bioink, preferably in an automated 
aseptic device, and transferred to a 3D Bioprinter, 
preferably in said operating room 

The construct can be printed with cell-laden Calcium 
particle filled nanocellulose fibril bioink. 

A coaxial needle can be used where the core can be 
printed with Calcium particle filled nanocellulose bio- 
ink and the shell can be printed with cell laden nano- 
cellulose bioink 

The architecture and design and components of the 3D 
Bioprinted construct provide a robust, stable structure, 
biocompatibility, and the ability to be vascularized and 
become a high quality bone tissue. 

The patient is provided with a construct which will induce 
bone formation and thus repair large defect. 

More specifically, the present invention relates to the 

following aspects: 

In one aspect, the invention relates to cellulose nanofibril 
based bioink for use in 3D bioprinting, wherein the bioink 
comprises calcium containing particles, wherein the cal- 
cium-containing particles have a fraction size smaller than 
400 microns. Preferably, the calcium-containing particles 
are in the form of synthetic f-tricalcium phosphate, single- 
phase hydroxyapatite, biphasic HA-TCP, or natural bone 
powder, preferably of human or porcine origin. According to 
one embodiment, the calcium containing particles have a 
fraction size smaller than 200 microns. Calcium containing 
particles with a “fraction size smaller than 400 microns” are 
calcium containing particles, or calcium containing powder, 
which, essentially do not include any particles larger than 
400 microns, e,g, as determined by sieving particles after 
grinding. One reason for limiting the size of the particles is 
to keep resolution during bioprinting, i.e. with particles that 
are larger than 400 microns the resolution is negatively 
affected. 

In another embodiment at least one additional biopolymer 
is added to the bioink, wherein the biopolymer is chosen 
from the group comprising alginates, hyaluronic acid and it 
derivatives, agarose, chitosan, fibrin, collagen and gelatin 
and their derivatives. Additional biopolymers are added to 
the bioink for cross-linking purposes and/or to contribute to 
rheological properties as hydrogels. 

In another aspect, the invention relates to a method for 
preparing 3D bioprinting constructs that are suitable for use 
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in implants to repair dental defects or bone defects in the 
human or animal body comprising the steps of: 

a) providing the cellulose nanofibril based bioink accord- 

ing to above; 

b) optionally providing suitable living cells; 

c) mixing the components of step a) and b) and printing 

the construct(s) with a bioprinter apparatus; 

d) optionally incubating the construct in an environment 

suitable for the cells in the construct to differentiate. 

The 3D bioprinted construct can e.g. be in the form of a 
grid or the like. The bioprinter apparatus can be of any 
commercially available type, such as the 3D Bioprinter 
INKREDIBLE from CELLINK AB. An example of “an 
environment suitable for the cells in the construct to differ- 
entiate” is disclosed in Example 2, but the conditions and 
reagents used may of course differ for different cell types. A 
skilled person in the art would be aware of suitable condi- 
tions for different types of cells, 

In one embodiment, the resulting 3D bioprinting construct 
is used for drug discovery applications or as a disease model, 
or for other research purposes. 

In yet another embodiment, the cellulose nanofibril is 
provided by one of the following alternatives: biosyntheti- 
zation by bacteria, isolation from wood, isolation from 
primary cell wall or isolation from tunicates. 

In a further embodiment, a coaxial needle is used in the 
bioprinter apparatus for printing the construct(s), whereby a 
core is printed with calcium particle filled cellulose nano- 
fibril bioink and a shell is printed with cell-laden cellulose 
nanofibril bioink. Thus according to another aspect, a 3D 
bioprinted construct is provided, wherein said construct is 
prepared according to above, comprising a core and a shell, 
wherein the core comprises the bioink according to the 
above, and the shell comprises the bioink according to the 
above comprising suitable living cells. 

In yet another aspect, the invention relates to a 3D 
bioprinted construct that are suitable for use in implants to 
repair dental defects or bone defects in the human or animal 
body composed of cellulose nanofibril bioink comprising 
calcium phosphate particles with a fraction size smaller than 
200 microns, optionally at least one additional biopolymer, 
and optionally living cells. 

In a further aspect, the invention relates to a 3D bioprinted 
construct that are suitable for use in implants to repair dental 
defects or bone defects in the human or animal body 
prepared by the method for preparing 3D bioprinting con- 
structs according to the invention. 

In one embodiment relating to all aspects of the invention, 
the living cells are mesenchymal stem cells that are differ- 
entiated into osteoblasts in the constructs. Also, chondro- 
cytes can be differentiated into osteoblasts, as well as 
induced pluripotent stem cells GPS cells). 

In yet another embodiment, the living cells are osteo- 
blasts. 

In still another aspect, the invention relates to a method 
for implanting 3D bioprinting constructs to repair dental 
defects or bone defects in the human or animal body 
comprising steps a)-e) according to the method for preparing 
3D bioprinting constructs according to the invention, and 

f) implanting the construct in a human or animal body in 

order to repair a dental defect or a bone defect, wherein 

i. a construct comprising living cells is used for repair- 
ing a bone defect by creating living bone tissue, and 

ii. a construct without living cells is used for repairing 
a dental defect. 

In one further aspect the invention relates to a 3D bio- 
printed living bone tissue prepared by the method(s) of the 
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invention. By “living tissue” is meant a tissue model with 
living cells. It may thus relate to a structure, such as a 
scaffold, with living cells attached to it, or living cells 
enclosed within the structure. The structure may be of 
organic or inorganic origin. The material of the structure 
may be any material that allows for living cells to survive 
and replicate. 

In one embodiment, the tissue comprises living osteo- 
blasts and wherein spaces between bioink printed grids 
allow diffusion of nutrients, oxygen, proteins and/or growth 
factors. Spaces between bioink printed grids are important to 
allow for e.g. vascularization. The size of the spaces should 
be at least about 10 microns. 

In another embodiment, the living cells are osteoblasts 
that are cultured to build bone. 

In still another aspect, the invention relates to 3D bio- 
printed living tissue for use in the treatment of an animal or 
human patient suffering from a tissue defect, lack of tissue 
or need for replacement of a tissue, wherein the 3D bio- 
printed living tissue is implanted in the tissue of the patient. 

In one embodiment the tissue is chosen from bone or 
tooth. 

In one further aspect, the invention relates to a method for 
treatment of an animal or human patient suffering from a 
tissue defect, lack of tissue or need for replacement of a 
tissue, wherein a 3D bioprinted living tissue of the invention 
is implanted in the tissue of the patient. 

In one embodiment, the tissue is chosen from bone or 
tooth. 


BRIEF DESCRIPTION OF THE DRAWINGS 


The accompanying drawings illustrate certain aspects of 
some of the embodiments of the present invention, and 
should not be used to limit or define the invention. Together 
with the written description the drawings serve to explain 
certain principles of the invention. 

FIG. 1 is showing printed constructs based on Calcium 
Phosphates from various sources and various composition of 
bioinks. a) 18% Bone powder (Bio-Oss) b) 10% B-TCP 
coated with poly(lactic-co-glycolic acid) c) 20% porous 
hydroxyapatite derived from red marine algae d) 20% syn- 
thetic B-TCP 

FIG. 2 is showing results of the mechanical testing of 
cellulose nanofibrils/TCP printed constructs. 

FIG. 3 shows design of a core-shell construct (a), a 
schematic picture of the coaxial needle (b) used in experi- 
ment where the core is composed of cellulose nanofibril/ 
20% TCP bioink and the shell is nanocellulose bioink with 
mesenchymal stem cells, and a photograph (c) of a construct 
produced in said experiment. 

FIG. 4 is showing a 3D Bioprinted core-shell construct 
during cultivation in vitro (a) and results of cell viability 
after 3 days (b), wherein light spots represent cells which are 
alive and dark spots the dead cells. The cell viability is more 
than 90%. 


DETAILED DESCRIPTION OF VARIOUS 
EMBODIMENTS OF THE INVENTION 


The present invention relates to materials based on cel- 
lulose nanofibrils based hydrogels with natural or synthetic 
Calcium containing particles such as Tri-calctum Phosphate 
or bone powder and their use as 3D Bioprinting bioinks to 
repair dental or bone defects. The bioinks based on cellulose 
nanofibrils hydrogels filled with Calcium containing par- 
ticles can be used as bioinks in 3D Bioprinting process with 
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or without human or animal cells. Such bioprinted con- 
structs can be implanted in bone defects to promote bone 
healing process. 

The advantage of using cellulose nanofibril hydrogels is 
extreme shear thinning properties which is crucial for high 
printing fidelity. High printing fidelity makes it possible to 
bioprint porous structures which can be spontaneously vas- 
cularized upon implantation. Vascularization is a key to 
promote bone healing process since vascularization makes it 
possible for oxygen and nutrient transport. In addition, the 
cells can migrate through porosity to enhance bone forma- 
tion process. Another advantage of using cellulose nanofi- 
brils is their large surface area and hydrophilic properties 
which make them an excellent binder and dispersing agent 
for organic and inorganic particles. 

Bioinks described in this invention have very good 
mechanical properties and excellent biocompatibility. The 
good integrity of the structures bioprinted with bioinks 
based on cellulose nanofibrils with Calcium particles pro- 
vide very good support for another structure of cell laden 
hydrogel which can be biofabricated with coaxial needle. 
Autologous cells can be used including mesenchymal stem 
cells isolated from bone marrow or adipose tissue or osteo- 
blasts. Calcium ions and phosphate ions, with native or 
synthetic origin which are in the particles within printed 
constructs will be resorbed and will induce osteogenesis 
process which is a key process in bone formation. Such 
bioprinted constructs with or without cells are very efficient 
in repair of larger bone defects. Critical size defects cannot 
be bridged by naturally regenerated bone. Cellulose nano- 
fibrils with different origin can be used in the bioinks. They 
can be produced by bacteria or isolated from wood or annual 
plants, such as from primary cell walls, or isolated from 
tunicates. They can be neutral or charged. They can be 
oxidized and thus biodegradable. The key characteristic of 
Calcium particles is their size in order to be used as 
component of bioink in 3D Bioprinting process. Large 
agglomerates above 200 micron can block the printer nozzle 
which will result in clogging. The present specification 
describes how particles should be selected and prepared to 
be used in bioink, the process of bioink fabrication, 3D 
Bioprinting with different nozzles and applications with and 
without cells for repair of large bone defects. 

The ß-tricalcium phosphate (B-TCP) particles can be 
obtained from various sources, e.g. from DePuy Synthes 
(chronOS Bone Graft Substitute). The natural bone powder 
can be of e.g. human or porcine origin. Typically, the 
material is provided in sterile and gamma-irradiated form. 
E.g. the natural bone powder is obtained from LifeNet 
Health (ReadiGraft Demineralized Cortical Particulate with 
grind size 125-1000 microns). The powder can be sieved 
before use to obtain the desired particle size. 

For mixing the cellulose nanofibrils and the calcium 
phosphatase particles, the sterile bioink components are 
placed inside a sterile syringe with male luer lock. A 
sterile-packaged female-female Luer lock connector is used 
to connect both syringes at the male luer connection. This 
process for mixing is ideal for transferring and mixing low 
viscosity solutions. The bioink components are mixed by 
moving the contents of the syringes from one syringe to the 
other until a homogenous mixture is obtained. This process 
ensures maximum sterility by facilitating a contamination- 
free handling, since it is a closed system, and it reduces 
residual waste in the syringes. 


EXAMPLES 


To facilitate a better understanding of the present inven- 
tion, the following examples of certain aspects of some 
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embodiments are given. In no way should the following 
examples be read to limit, or define, the scope of the 
invention. 


Example 1 


Preparation and Evaluation of Bioinks 

Granules of P-tricalcium phosphate (B-TCP) 1.4-2.8 mm 
particle size were grinded in a mechanical grinder to a 
powder and finally homogenized using a hydraulic press. 
Other Calcium phosphates from different sources were com- 
pared. The grinding process was designed to provide the size 
of the particles to be below 200 microns as determined by 
sieving process. Nanocellulose fibril hydrogel was prepared 
by homogenization of Bacterial Cellulose pellicle which was 
purified according to protocols published elsewhere [8]. 
Cellulose nanofibrils isolated from wood have also been 
evaluated. In order to provide good crosslinking, between 
10-20% of alginate based on dry weight of cellulose nano- 
fibrils was added. A typical bioink without mineral phase 
contains between 2-3% dry weight cellulose nanofibrils and 
alginate mixture. Different mixing devices were tested. FIG. 
1 shows a mixing device which is constructed by combining 
two cartridges. Mixing was achieved through movement of 
the pistons in the individual cartridges, as described above. 
Several different compositions of mineral bioinks were 
prepared and evaluated by measuring rheological properties, 
mechanical properties and printability. Calcium Phosphates 
from different suppliers were also evaluated. Before print- 
ing, the mixtures with different ratios of Calcium Phosphates 
and nanocellulose bioink were prepared and evaluated with 
regard to rheological properties. The best combinations with 
regard to flow properties at pressures below 120 kPa were 
selected. After mixing the cartridge of Calcium particle 
filled nanocellulose bioink was placed in a 3D Bioprinter 
INKREDIBLE from CELLINK AB, Sweden and the grid 
was printed. FIG. 1 compares the structure of printed grids 
of the same based on bioinks with different compositions. 
Figure a a) shows the construct printed with bioink contain- 
ing 18% w/v Bone substitute (Bio-Oss). It can be seen that 
printing fidelity is not very good. FIG. 15) shows construct 
printed with 10% w/v B-TCP coated with poly(lactic-co- 
glycolic acid). Printing fidelity is not very good probably 
because polymer coating protect 1-TCP particles and dis- 
persing in bioink is not very efficient. FIG. 1c) shows 
construct printed with 20% porous hydroxyapatite derived 
from red marine algae. Printing fidelity is very poor. FIG. 
1d) shows constructs printed with bioink containing 20% 
synthetic B-TCP. It shows excellent printability with very 
high fidelity. This combination was selected for further 
studies. FIG. 2 shows evaluation of biomechanical proper- 
ties using unconfined compression testing. Compression 
testing was performed on casted discs prepared from the 
four ink formulations seen in Table 1. By using a positive 
displacement pipet (Microman, Gilson, USA) and casting 
units (Q-Gel bio, Lausanne, Switzerland), discs were casted 
by dispensing 75 uL of bioink onto a casting plate and 
covering the dispensed drop with a top plate. The casting 
units with the discs (8 mmx1.5 mm) were cross-linked in a 
bath of 90 mM CaCl2 (Sigma-Aldrich) for 10 min and then 
immersed in HyClone Basal Medium Eagle (Sigma-Al- 
drich) for 48 h at room temperature. After cross-linking and 
equilibration in medium, the discs had a diameter of 8 mm 
and a thickness of 1.2 mm on average. Initial dimensions of 
the discs were measured with a digital caliper. A universal 
testing machine (Instron Model 5565A, UK) equipped with 
a 100 N load cell was used for the unconfined compression 
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test, which was performed in wet conditions at room tem- 
perature. The strain rate was set to 10%/s, and the samples 
were compressed until 40% compressive strain. Bluehill 
software (Instron) was used to calculate the compressive 
stress and strain, compressive stiffness (tangent modulus) at 
30% strain, and compressive stress at 30% strain for all 
samples (n=6 per group). As shown in the graph of FIG. 2, 
the addition of 0-TCP to nanocellulose fibril bioink (i) 
results in increased compression strength and stiffness, and 
hence a higher mechanical strength, as compared to the 
bioink without B-TCP (ii). 


Example 2 


3D Bioprinting of Implantable Constructs 

Very high viscosity of Calcium filled bioinks resulted in 
much higher pressure necessary to get printed constructs. In 
order to use bioinks with cells the core shell structures (1) 
were designed as shown in FIG. 3a. One possible design is 
to use Calcium filled bioink as a core and cell filled 
nanocellulose bioink as a shell. In FIG. 3a, the structure 1 
comprises an outer shell 2 and an inner core 3. The outer 
shell may contain nanocellulose bioink and mesenchymal 
stem cells, and the inner core 3 may contain 20% B-TCP/ 
nanocellulose bioink. Opposite can be also printed. In order 
to be able to print such structures coaxial needle is installed, 
see FIG. 36. The bioink of the inner core is introduced at PH 
1, and the bioink of the outer shell is introduced at PH 2. 
Prior to bioprinting nanocellulose bioink in DMEM medium 
solution was prepared. Confluent human adipose derived 
mesenchymal cells AD-MSCs were washed with 6 mL 
DPBS and then incubated with 6 mL of TrypLE at 37 degree. 
Progress of cell detachment was evaluated using a confocal 
light microscope. TrypLE activity was quenched by adding 
6 mL of spent media to the culture flask. The cell solution 
was transferred to a 15 mL centrifuge tube and centrifuged 
at 200 g for 5 min. The supernatant was aspirated and the 
cells were resuspended in 200 microL of DMEM and mixed 
with 2% nanocellulose dispersion to obtain a concentration 
of 2x10° cells per mL in the bioink. For the bioprinting, 20% 
O-TCP nanocellulose bioink was inserted into printer head 
1 (PH 1) and the cell-laden bioink was inserted into printer 
head 2 (PH 2). Pressures of 105 kPa (PH 1) and 55 kPa (PH 
2) were applied. Grids of 6x6 (line space of 2 mm) consist- 
ing of 2 layers were printed and subsequently cross-linked 
for 6 min using 100 mM CaCl,. They were then transferred 
to osteogenic medium and incubated at 37 degree and 5% 
CO2. The medium was exchanged every 2-3 days. BMP-2 
treatment was started at day 4. 

The staining was performed using LIVE/DEAD Cell 
Imaging Kit from ThermoFisher Scientific, USA. The cell 
laden bioinks were washed in serum-free osteogenic 
medium for 30 minutes at 37 degree. The live/dead staining 
solution was mixed at a ratio of 1:2 with serum-free osteo- 
genic medium, i.e. 2 mL of staining solution with 4 mL of 
medium. The media was then removed from the constructs 
and 450 mL of staining solution were added instead, making 
sure that the entire construct is covered. They were then 
incubated for one hour at 37 degree C. The staining solution 
was removed from the constructs and was replaced with 450 
mL of serum-free osteogenic medium for one hour at 37 
degree C. in order to wash the constructs. The medium was 
replaced with fresh medium after 30 minutes. The medium 
was then replaced with Live Cell Imaging Solution and the 
samples were imaged using confocal fluorescence micros- 
copy with FITC (live) and Texas Red (dead) filters at 10x 
magnification. FIG. 4b, wherein light spots represent living 
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cells and dark spots represent dead cells, shows high cell 
viability. The construct is ready for implantation after 28 
days of differentiation in vitro. It is also possible to directly 
implant cell free construct or cell filled construct. 


Example 3 


3D Printing Using Human Bone Powder as a Source 

Example 1 and 2 is repeated using human bone powder 
(LifeNet Health (ReadiGraft Demineralized Cortical Par- 
ticulate with grind size 125-1000 microns)) instead of the 
other materials of Example 1 and 2. The powder is sieved 
before use to obtain the desired particle size (less than 400 
microns, or less than 200 microns). The human bone powder 
is used with the same parameters as for the B-TCP-particles. 
The same, promising results are expected, i.e. excellent 
printability with high fidelity. 
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The invention claimed is: 

1. A bioink for use in 3D bioprinting, wherein the bioink 
is suitable for use with living cells and consists essentially 
of a cellulose nanofibril based hydrogel; a biopolymer 
selected from the group consisting of: alginates, hyaluronic 


US 11,648,336 B2 


11 
acid, agarose, chitosan, fibrin, collagen, and gelatin; and 
1-40% (w/v) calctum-containing particles, wherein the cal- 
cium-containing particles have a fraction size smaller than 
400 microns and consist essentially of -tricalcium phos- 
phate, biphasic HA-TCP, or natural bone powder. 

2. The bioink according to claim 1, wherein said calctum- 
containing particles have a fraction size smaller than 200 
microns. 

3. The bioink according to claim 1, wherein the natural 
bone powder is of human or porcine origin. 

4. The bioink according to claim 1, wherein the cellulose 
nanofibril is provided by one of the following alternatives: 
biosynthetization by bacteria, isolation from wood, isolation 
from primary cell wall or isolation from tunicates. 

5. Acellular bioink composition comprising the bioink of 
claim 1 and living cells. 

6. The cellular bioink composition according to claim 5, 
wherein the living cells are mesenchymal stem cells, osteo- 
blasts, or induced pluripotent stem cells (IPSC). 

7. A method for preparing a 3D bioprinting construct that 
is suitable for use in implants to repair dental defects or bone 
defects in a human or animal body comprising: 

a) providing a bioink according to claim 1, and 

b) printing a construct with the bioink and a bioprinter 

apparatus. 

8. A method for preparing a 3D bioprinting construct that 
is suitable for use in implants to repair dental defects or bone 
defects in a human body or animal body comprising: 

a) providing a bioink of claim 1, 

b) providing living cells, 

c) mixing the components from a) and b) to obtain a 

cellular bioink composition, 

d) printing a construct with the cellular bioink composi- 

tion of c) and a bioprinter apparatus, and 

e) optionally incubating the construct of d) in an envi- 

ronment suitable for cells in the construct to differen- 
tiate. 

9. A 3D bioprinted construct prepared by the method 
according to claim 8. 

10. The 3D bioprinted construct of claim 9, wherein a 
coaxial needle is further used in the bioprinter apparatus for 
printing the construct, and wherein the construct comprises 
a core and a shell, wherein 
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(i) the core comprises the bioink of a) and the shell 

comprises the cellular bioink composition of d); or 

(ii) the core comprises the cellular bioink composition of 

d) and the shell comprises the bioink of a). 

11. The 3D bioprinted construct of claim 9, wherein the 
living cells are mesenchymal stem cells that are differenti- 
ated into osteoblasts in the constructs, or wherein the living 
cells are osteoblasts or induced pluripotent stem cells 
(PSC). 

12. The 3D bioprinted construct according to claim 9, 
wherein the construct is an implant suitable to repair dental 
defects or bone defects in a human or animal body. 

13. The 3D bioprinted construct according to claim 9, 
wherein the construct is suitable for use in drug discovery or 
as a disease model. 

14. A method for repairing a bone defect in a human or 
animal body, comprising implanting in the body in need 
thereof the construct of claim 12, wherein living bone tissue 
is created. 

15. A 3D bioprinted living bone tissue prepared by the 
method according to claim 14. 

16. The 3D bioprinted living bone tissue according to 
claim 15, wherein the tissue comprises living osteoblasts 
and wherein spaces between bioink printed grids allow 
diffusion of nutrients, oxygen, proteins and/or growth fac- 
tors. 

17. The 3D bioprinted living bone tissue according to 
claim 15, wherein the living cells are osteoblasts that are 
cultured to build bone. 

18. A method for treatment of an animal or human patient 
suffering from a tissue defect, lack of tissue or need for 
replacement of a tissue, comprising implanting in the tissue 
of the patient the bioprinted living tissue of claim 15. 

19. The method for treatment according to claim 18, 
wherein the tissue is chosen from bone or tooth. 

20. A method for repairing a dental defect in a human or 
animal body, comprising implanting into the body in need 
thereof a construct prepared by the method of claim 7. 

21. The bioink according to claim 1, wherein the cellulose 
nanofibril and alginate are in a concentration of 2-3% based 
on the dry weight of the bioink. 


* * * * * 


